Control of anthrax toxin and capsule synthesis, the two major virulence factors of Bacillus anthracis, has been associated with two regulatory genes, atxA and acpA, located on virulence plasmids pXO1 and pXO2, respectively. We used transcriptional profiling to determine whether atxA and/or acpA control genes other than those already described and to investigate functional similarities of the regulators. Transcription was assessed in a pXO1 ؉ pXO2 ؉ parent strain and in isogenic mutants in which one or both regulatory genes were deleted. We determined that in addition to the toxin and capsule genes, atxA controls expression of numerous other genes on both plasmids and the chromosome. Generally, plasmid-encoded genes were more highly regulated than chromosomal genes, and both positive and negative effects were observed. Certain atxA-regulated genes were affected synergistically in an atxA acpA mutant. Yet overall, acpA appears to be a minor regulator with fewer targets than atxA. In contrast to previous reports of acpA function in attenuated strains, acpA had a minimal influence on capsule gene transcription and capsule synthesis in a genetically complete strain. Surprisingly, acpA expression was positively affected by atxA, although atxA-activated capsule gene transcription is not acpA dependent. The newly discovered atxA-regulated targets include genes predicted to encode secreted proteins and proteins with roles in transcriptional regulation and signaling. Regulation of chromosomal genes by atxA is particularly intriguing, given that many of the target genes have homologues in other Bacillus species that lack atxA homologues. Given the global effect of atxA on gene expression in B. anthracis, previous assumptions regarding reduced virulence of strains harboring single plasmids must be reassessed and the potential roles of newly identified atxA-regulated genes should be investigated.
The ability of Bacillus anthracis to cause anthrax is primarily attributed to its plasmid content. Plasmid pXO1 (182 kb) carries the anthrax toxin genes pagA, lef, and cya, while pXO2 (96 kb) harbors genes associated with synthesis of the antiphagocytic capsule, capB, capC, capA, and capD (16, 24, 28) . The presence of pXO1 and pXO2 has been used for facile identification of the species, although the phylogenetic relationships between B. anthracis and the closely related Bacillus species B. cereus and B. thuringiensis are under continuing debate (12, 40) .
For reasons of safety and facile manipulation in the laboratory, numerous investigators have employed attenuated strains carrying only one of the two plasmids in studies of toxin and capsule gene expression. The widely studied Sterne strain is toxigenic but noncapsulated, due to the presence of pXO1 and absence of pXO2 (16, 36) . In addition to being used as the live animal vaccine in the United States, the Sterne strain serves as a source for toxin purification (21) and has proved useful for studies of anthrax toxin function. In a mouse model for anthrax, high doses of Sterne spores delivered subcutaneously result in a disease resembling systemic anthrax (33) . Studies of toxin gene expression by the Sterne strain led to the discovery of atxA, a pXO1 gene required for transcription of the three toxin genes (7, 17, 42) .
Investigations of capsule function and synthesis have been performed using a number of capsulated but nontoxigenic strains. Generally, pXO1 Ϫ pXO2 ϩ strains are avirulent in animal models (15, 41) , and results of experiments employing cultured macrophages indicate an antiphagocytic role for the capsule (23, 24) . Investigation of capsule gene expression in a pXO1 Ϫ pXO2 ϩ strain revealed that a pXO2-borne gene, acpA, was essential for cap operon transcription (44) .
The mechanisms by which atxA and acpA control virulence gene expression are unknown. Some reports indicate limited functional similarity of the two regulators and a more expanded role for atxA in B. anthracis gene expression. The atxA gene cloned on a multicopy plasmid in a pXO1 Ϫ pXO2 ϩ strain positively regulates capB. In contrast, acpA cloned on a multicopy plasmid in a pXO1 ϩ pXO2 Ϫ strain does not affect toxin gene expression (43) . Strains harboring both plasmids produce more capsule than pXO1 Ϫ pXO2 ϩ strains, and the enhanced capsule synthesis has been attributed to atxA (8, 11, 43) . Results of proteomic studies and genetic screens for atxA-activated genes in a pXO1 ϩ pXO2 Ϫ strain indicate atxA-activated genes on pXO1 (13) , but precise mapping and functional analysis of these additional target genes have not been performed.
Fully virulent strains of B. anthracis harbor pXO1 and pXO2, yet studies of expression and function of these impor-tant virulence gene regulators in a strain harboring both plasmids are lacking. To determine whether atxA and/or acpA controls genes other than the known virulence genes, and to further investigate the functional similarity of the regulators, we compared the transcriptional profiles of a genetically complete pXO1 ϩ pXO2 ϩ strain to those of isogenic single and double atxA and acpA mutants. Our results indicate a major role for atxA in B. anthracis gene expression and a synergistic effect of atxA and acpA on expression of certain genes.
MATERIALS AND METHODS

Strain construction. We constructed a pXO1
ϩ pXO2 ϩ parent strain by transducing pXO2 from strain 6602 (Pasteur) (American Type Culture Collection) into strain 7702 (Sterne) (5), using CP51-mediated transduction as described previously (9) . Cap ϩ transductants were selected using bacteriophage CP54, which lyses noncapsulated cells. The presence of pXO1 and pXO2 in a transductant, UT500, was confirmed by amplification of specific sequences using PCR. To confirm the structural integrity of pXO2 following transduction, numerous PCR products representing greater than 90% of the pXO2 DNA sequence were generated using multiple primer sets.
atxA-and acpA-null mutants in which coding sequences of the regulatory genes were replaced with DNA sequences conferring resistance to kanamycin (⍀-km) or spectinomycin (aad9) were constructed in UT500 (pXO1 ϩ pXO2 ϩ ) as follows. In the previously characterized 7702 mutant UT60 (7), internal sequences of atxA, from 14 nucleotides (nt) downstream of the first nucleotide to 86 nt upstream from the last nucleotide of the gene, were replaced with ⍀-km. We used CP51-mediated transduction with selection for kanamycin resistance (7) to transfer the atxA-null mutation from UT60 to UT500, yielding UT501. The atxA-null mutation of UT501 was confirmed using PCR with primers corresponding to regions flanking the atxA gene and primers corresponding to sequences within the ⍀-km element.
An acpA-null mutation, in which sequences from 34 nt downstream of the first nucleotide to 183 nt downstream of the translational stop codon of the gene were replaced with the spectinomycin resistance gene aad9, was generated using a method described previously (34) . The nearest downstream open reading frame (ORF) is 1,695 nt from the 3Ј end of acpA. The acpA-null mutation was first constructed in a strain harboring only pXO2. We used CP51-mediated transduction with selection for spectinomycin resistance (34) to transfer the mutation to UT500, yielding UT502. The acpA-null mutation in UT502 was confirmed by using PCR with primers corresponding to sequences flanking the acpA gene and primers corresponding to sequences within aad9.
To create a double mutant (atxA acpA), pXO2 harboring the acpA-null mutation was transferred to the Sterne atxA-null mutant UT60 by using CP51 transduction with selection for spectinomycin resistance. The presence of both mutations in UT503 was confirmed using PCR as described above.
RNA isolation. RNA was extracted from cells grown in CA medium (39) containing 0.8% bicarbonate and 100 mM HEPES (pH 8.0) (CACO 3 ) with shaking in a 5% CO 2 atmosphere at 37°C, conditions known to promote toxin synthesis and used previously in investigations of toxin gene expression in B. anthracis (6, 7, 14) . Briefly, cells were cultured overnight in Luria-Bertani broth containing 0.5% glycerol with antibiotics when appropriate (50 g of kanamycin/ml or 100 g of spectinomycin/ml). Cells were transferred to CACO 3 without antibiotics such that the starting optical density at 600 nm (OD 600 ) was 0.1. Following 3 h of incubation (OD 600 Ϸ 0.5), cells from mid-exponential-phase cultures were collected for RNA isolation. RNA was extracted with GramCracker reagents followed by RNAwiz according to protocols supplied by the manufacturer (Ambion, Austin, Tex.). RNA yields were quantitated by measuring absorbance at 260 nm. Typically, 15 to 30 g of RNA was obtained from 1 ml of culture.
Western hybridizations. Cells were grown in CACO 3 as described for RNA isolation. At mid-exponential phase (OD 600 Ϸ 0.5) and late exponential phase (OD 600 Ϸ 0.8), culture supernates were filtered through cellulose acetate membranes (pore size, 0.2 m) (Nalgene, Rochester, N.Y.) and frozen in a dry ice-ethanol bath. Western hybridizations were performed as described previously (34) with the following exceptions. Membranes were blocked overnight at 4°C in Tris-buffered saline with Tween (TBS-T) containing 5% milk. Primary antibody (rabbit anti-PA, anti-LF, or anti-EF) was added at a dilution of 1:500 for 1 h at room temperature. Membranes were washed in TBS-T and then treated with the secondary antibody (horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G; Bio-Rad) at a dilution of 1:5,000 in TBS-T-5% milk for 1 h at room temperature. After a final wash in TBS-T, cross-reactive material was visualized using an enhanced chemiluminescent detection kit (Amersham, Piscataway, N.J.).
Microarraying procedure. A total of 3,290 chromosomal genes and 138 plasmid-borne genes were represented as PCR products (303 to 999 bp) on the "genomic" microarray. Thus, the DNA microarray contained DNA fragments corresponding to approximately 60% of the predicted genes of the 5.23-Mbp B. anthracis genome (http://www.tigr.org). Preparation of DNA microarrays, slide processing, cDNA probe synthesis, and hybridization were similar to those described previously and detailed as follows (32) .
PCR products (200 ng in 50% dimethyl sulfoxide) were deposited onto 25-mm by 75-mm CMT-UltraGAPS amino silane-coated glass microscope slides (Corning, Acton, Mass.) using an Amersham Lucidea printer. Humidity was maintained at ϳ55% during printing. After printing, slides were air dried for 30 min, and then the DNA was cross-linked to the surface by using a Stratagene Stratalinker to deliver 50 mJ of short-wavelength UV energy. Slides were stored in a desiccator. To wash unbound nucleic acids and salts from the slides, they were prehybridized for 2 h at 42°C in a 50-ml solution of 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1% sodium dodecyl sulfate (SDS), and 1.0% bovine serum albumin. Slides were then washed four times in MilliQ water and three times in isopropanol and dried.
Microarray probe preparation. Six micrograms of Random Hexamer Primers (Invitrogen, Rockville, Md.) were annealed to 2 g of total RNA in a total volume of 18.5 l by heating the reaction mixture to 70°C for 10 min, followed by chilling on ice. To this reaction mixture, 6 l of 5ϫ . Reactions were dried in a Speed-Vac to completion. Dried aminoallyllabeled cDNA was resuspended in 4.5 l of 0.1 M sodium carbonate buffer, pH 9.3. Next, 4.5 l of the appropriate resuspended ester Cy dye was added to the cDNA and allowed to couple for 2 h at room temperature in the dark. After coupling, 35 l of 100 mM NaOAc (pH 5.2) was added and reactions were again purified with QIAquick PCR purification columns, but this time using supplied buffers. The appropriate samples, one labeled with Cy3 and the other with Cy5, were mixed and dried to completion.
Microarray hybridization. Dried probes were resuspended in 30-l volumes (50% formamide, 5ϫ SSC, 0.1% SDS, and 100 g of salmon sperm DNA/ml). This mixture was heated for 10 min at 95°C and then added to a prehybridized slide under a coverslip. The slide was then placed at 42°C for 16 h in a sealed hybridization chamber (Corning 2551) which was humidified with 20 l of 5ϫ SSC. Arrays were then washed at 55°C, once in a solution of 2ϫ SSC-0.1% SDS for 10 min, once in 0.1ϫ SSC-0.1% SDS for 10 min, and thrice in 0.1ϫ SSC for 2 min, followed by a final quick wash in MilliQ water.
Statistical analysis. To allow appropriate statistical analysis of the results, RNA preparations from at least three independent cultures were tested for each strain. For each hybridization, RNA was obtained from cultures of the UT500 parent strain and the mutant strains grown in parallel. Each RNA preparation was used in at least two separate hybridizations, and slides contained at least two spots for each gene in the array. A subarray containing PCR products representing 276 chromosomal and 30 plasmid genes, each spotted 15 times, was used to generate a larger number of replicate ratios for statistical purposes. The genes of the subarray included nonregulated (control) genes and putative regulated genes.
Analysis was similar for both genomic arrays and subarrays. Each mutant was analyzed separately. After quantitation and global normalization using average spot intensity, log ratios of mutant to wild type (strain UT500) were calculated for each spot. Replicate spots on the same slide were averaged to obtain a single value for each ORF for each slide, with spots that failed the quality criteria being omitted. Values from slide pairs from the same culture were averaged to generate a single value for each ORF for each independent culture (n ϭ 3). ORFs were considered to be eligible for analysis if all three cultures were represented by at least one spot of acceptable quality. Spots with a reference fluorescence signal at least three times the local background were accepted for quantitation. Unacceptable spots were those with no signal or those associated with a slide problem such as dust or a scratch. analysis-eligible ORF ranged from 3 to 12. ORFs were considered significantly regulated if (i) the overall fold change was at least 2 (i.e., absolute value of average log ratio was greater than 0.693) and (ii) the P value from a one-sample t test, testing whether the grand mean log ratio was different from 0.0, was significant at the ␣ ϭ 0.05 level or better. Sequence analysis. We used the following resources to characterize the predicted products of genes of interest: BLAST (www.ncbi.nlm.nih.gov/BLAST), SMART (http://smart.embl-heidelberg.de/), TMpred (http://www.ch.embnet.org /software/TMPRED_form.html), and PredictProtein (http://www.embl-heidelberg .de/predictprotein/predictprotein.html).
RESULTS
Global effects of atxA and acpA. Two attenuated strains used frequently to assess B. anthracis gene expression are the Sterne strain 7702 (pXO1 ϩ pXO2 Ϫ ) (5) and the Pasteur strain 6602 (pXO1 Ϫ pXO2 ϩ ) (9, 44) . To investigate the roles of the plasmid-encoded regulatory genes atxA and acpA in a genetically complete strain, we constructed a pXO1 ϩ pXO2 ϩ parent strain, UT500, by transducing pXO2 from 6602 into 7702. atxA-and acpA-null mutations were introduced into UT500 to yield the isogenic mutants UT501 (atxA), UT502 (acpA), and UT503 (atxA acpA). UT500 and the mutants exhibited similar growth rates in all media tested (data not shown). For microarray analysis, cells were grown under conditions used previously to assess toxin gene regulation, buffered CA medium in a 5% CO 2 atmosphere at 37°C (6, 7, 14) , and RNA was extracted when cultures reached mid-exponential phase.
The transcriptome of UT500 indicated that 30% of all ORFs represented on the array were expressed during growth under our culture conditions. Data showing the fold induction and P values for all regulated ORFs (Ն2-fold induction; P Ͻ 0.05) from experiments comparing UT500 to the isogenic mutants can be viewed at the website http://mmg.uth.tmc.edu/mmg2 /facpages/tkoehler/tkoehler.html. Comparison of the transcription profiles of UT500 and UT501 revealed that, in addition to the pXO1-encoded toxin genes and the capsule genes of pXO2, atxA regulated numerous other genes on pXO1, pXO2, and the chromosome. Remarkably, of the 38 plasmid genes that were expressed, 18 of these were controlled by atxA.
In contrast to the substantial effect of atxA on gene expression in the pXO1 ϩ pXO2 ϩ background, the transcription profiles of UT500 and the acpA mutant UT502 indicated relatively few acpA-regulated genes for cells grown under our culture conditions. Genes of the capsule biosynthesis operon, capBCAD, on pXO2 and amiA, a pXO2 gene encoding an amidase that hydrolyzes peptidoglycan (26) , were the only genes whose transcription differed in UT500 and UT502. Expression of the amiA gene was 10-to 25-fold higher in UT500 than in the acpA mutant UT502, while expression of the cap operon genes was only 2-fold higher in UT500 than in UT502 (P Ͻ 0.05 on subarray). Notably, comparison of the transcription profiles of UT500 and UT501 indicated that the capsule genes and amiA were also regulated by atxA.
Generally, plasmid-borne genes were more highly regulated than genes on the chromosome. atxA regulated various plasmid genes from 3-to 60-fold, while different chromosomal genes were affected no more than 8-fold. With one exception, pXO1-13, atxA exerted a positive effect on the plasmid gene targets ( Fig. 1 and Table 1 ). Negative and positive effects of atxA were apparent for regulated genes on the chromosome. As shown in Fig. 1 , the spatial distribution of regulated genes on pXO1 and pXO2 mapped to distinct regions on the plasmids. Regulated genes of pXO1 clustered to a 54-kb region that included the pathogenicity island (28) . The regulated genes of pXO2 localized to a 33-kb region surrounding the capsule biosynthetic operon. Unlike the plasmid genes, the loci of regulated chromosomal genes were generally scattered. atxA acpA synergy. Expression of certain atxA-controlled genes was more greatly affected in the double mutant UT503 (atxA acpA) than in the single mutant UT501 (atxA). As depicted in Fig. 2 , we compared differences in gene expression detected in profiles of UT500 and UT501 to those detected in profiles of UT500 and UT503. As presented in the figure, data points representing genes regulated by atxA and not affected by acpA fall on the diagonal line of the graph. A shift from the line indicates a positive or negative effect of acpA on gene expression in the atxA mutant background. Interestingly, data points representing a number of plasmid-encoded genes fall above the diagonal line, indicating that in an atxA mutant background the acpA gene had a positive effect on gene expression.
For some atxA-regulated genes, comparison of the transcription profiles of UT500 and UT502 (acpA) revealed no apparent regulation by acpA. However, expression of these genes in the double mutant UT503 (atxA acpA) differed significantly from that observed in the single mutant UT501 (atxA). For example, pXO1-90 was regulated 60-fold when the profiles of UT500 and UT501 (atxA) were compared but 238-fold when profiles of UT500 and UT503 (atxA acpA) were compared. pXO2-53 was regulated 9-fold when the profiles of UT500 and UT501 (atxA) were compared but 74-fold when profiles of UT500 and UT503 (atxA acpA) were compared.
The apparent synergy of atxA and acpA for control of the capsule operon genes capBCAD and amiA may be due in part to control of acpA expression by atxA. We observed a 7-to 19-fold positive effect of atxA on acpA expression when profiles of UT500 and UT501 (atxA) were compared (Table 1) . Although previous investigations have suggested that AcpA is limiting for capsule gene expression (44) , atxA has been reported to elevate cap gene expression in the absence of acpA (43) . Therefore, it is unlikely that the atxA-mediated increase in capsule gene expression, and possibly amiA expression, can be attributed solely to increased expression of the acpA gene.
Capsule and toxin synthesis. Previous reports of capsule gene expression have concluded that although atxA positively affects capsule synthesis, acpA is the major regulator of the capsule genes. Our transcriptional profiling data indicate that in a strain harboring both plasmids, atxA has a greater effect on cap gene expression than acpA (7-to 9-fold compared to 2-to 3-fold). To determine if our transcriptional analysis was in agreement with capsule synthesis by the genetically complete strain, we evaluated capsule production in UT500 and the isogenic mutants. India ink preparations of cells cultured under the same conditions used for transcriptional profiling experiments are shown in Fig. 3 . At mid-exponential phase, UT500 and the mutant strains did not appear capsulated. However, at the transition to stationary phase, significant differences in UT500 and the mutants were observed. UT500 cells were fully capsulated, and the capsule material completely excluded the ink particles. At the same time point, no capsule was visible on cells of UT501 and UT503. UT502 (acpA) exhibited capsule formation at the transition into stationary phase, but ink particles were not fully excluded and the capsule material appeared thinner than that observed on UT500 cells. At stationary phase, the differences between UT500 and FIG. 2. atxA and acpA synergy. Data points shown represent genes regulated (P Ͻ 0.05) in all UT500-UT501 and UT500-UT503 experiments. Numbers shown represent the plasmid ORF names. Both axes represent fold regulation (log scale). { ϭ chromosomal genes; OE ϭ pXO1 genes; F ϭ pXO2 genes.
FIG. 3.
Capsule production by the B. anthracis parent strain (UT500) and isogenic mutants. Cells were grown in CACO 3 with shaking at 37°C in a 5% CO 2 atmosphere. At the growth phases indicated, cells were removed and capsule was visualized with India ink. UT500, parent; UT501, atxA; UT502, acpA; UT503, atxA acpA. Bar ϭ 5 m.
UT502 were no longer apparent. Cells of UT503 remained noncapsulated at stationary phase, while some UT501 cells appeared to produce a thin layer of capsule material.
Consistent with the microscopic observations, UT500 and UT502 (acpA) produced mucoid colonies when grown for 12 h on solid CACO 3 medium. In contrast, colonies of UT501 and UT503 were nonmucoid. Prolonged incubation of UT501, but not UT503, resulted in some capsule material, but the amount was significantly reduced compared to the parent strain (data not shown.) These phenotypes are in agreement with the transcription profile data, indicating a small effect of acpA on cap expression in the genetically complete strain. Capsule synthesis by the pXO1 ϩ pXO2 ϩ strain is dependent upon the presence of one of the two regulators, and atxA has a greater positive effect on capsule synthesis than acpA.
In contrast to the new findings regarding capsule synthesis, toxin protein synthesis by the pXO1 ϩ pXO2 ϩ UT500 strain and the mutants was consistent with previous reports in which toxin gene expression in the pXO1 ϩ pXO2 Ϫ Sterne strain was measured using other methods (17) . We detected protective antigen, lethal factor, and edema factor in supernates of UT500 and UT502 cultures, but not in supernates of UT501 and UT503 cultures (Fig. 4) . Thus, toxin protein synthesis by UT500 and the mutants reflected the results of the microarray analysis; atxA is essential for toxin gene expression. It is noteworthy that although the cya gene, encoding edema factor, was regulated only threefold (P Ͻ 0.046) by atxA in the microarray analysis, a clear difference in protein synthesis in the parent and mutant strain was apparent.
Bioinformatic analysis of newly discovered atxA-regulated ORFs. The predicted products of the newly discovered atxAregulated ORFs were evaluated using a variety of computational tools. We tested for similarity to genes of other organisms, the presence of signature motifs, and sequences indicative of cellular localization. A list of regulated genes and their predicted functions or homologues can be viewed at the website http://mmg.uth.tmc.edu/mmg2/facpages/tkoehler /tkoehler.html. Among the atxA-regulated plasmid-borne ORFs were four ORFs, pXO1-13, pXO1-90, pXO1-91, and pXO2-42 (the amiA gene), predicted to encode surface-exposed proteins. One ORF may encode a regulatory protein; pXO2-53 is predicted to encode a protein that is similar to AcpA (62%) and AtxA (48%). Two atxA-regulated plasmid ORFs are similar to the well-characterized insertion element IS231. The sequences and organization of pXO2-49 and pXO2-50 indicate a single gene of the IS231 V or W subgroup (22) . A translational shift would result in a single protein encoded by these ORFs, with pXO2-49 encoding the amino-terminal portion of the protein and pXO2-50 encoding the carboxy-terminal part of the protein. Other atxA-regulated plasmid-borne ORFs, pXO2-60, pXO2-61, and pXO1-126, are predicted to encode soluble proteins, but our analysis did not yield clues regarding function.
BLAST searches of the atxA-regulated chromosomal genes revealed homologues in Bacillus subtilis (20) and other species. Many of these genes are predicted to have roles in amino acid biosynthesis. For example, ORFs showing similarity to genes encoding biosynthetic enzymes for branched-chain amino acids, ilvC (ORF 97) and ilvB (ORF 99), and for aromatic amino acids, aroA, aroF, hisC, tyrA, and aroE (ORFs 4962 to 4967) were negatively regulated by atxA. Other atxA-regulated chromosomal ORFs (ORFs 982 to 985, 364, 4183, and 6016) are predicted to encode components of oligopeptide transport systems found in B. subtilis and other gram-positive species (18, 19) . Another set of regulated ORFs (ORFs 2700 to 2702) are similar to acetoin utilization genes of B. subtilis. Interestingly, in B. subtilis the app and opp oligopeptide transport genes, certain amino acid biosynthesis genes, and acetoin utilization genes are part of the scoC regulon. ScoC is a pleiotropic regulator that affects changes in gene expression throughout growth (4). The B. anthracis genome contains a scoC homologue which was expressed under our growth conditions but was not regulated by atxA.
DISCUSSION
Our investigation focused on the roles of two regulatory genes, atxA and acpA, in B. anthracis gene expression. These genes were identified and initially characterized in attenuated B. anthracis strains harboring single virulence plasmids (6, 7, 17, 42, 44) . Plasmid pXO1 carries the structural genes for the anthrax toxin proteins and atxA, the anthrax toxin activator. Plasmid pXO2 harbors genes required for capsule biosynthesis and acpA, the anthrax capsule activator. Our analysis of the transcriptional profiles of a genetically complete (pXO1 ϩ pXO2 ϩ ) toxigenic capsulated B. anthracis strain and isogenic mutants deleted for the regulatory genes indicates that these regulators affect expression of numerous B. anthracis genes on the plasmids and on the chromosome.
The newly discovered atxA-regulated genes may have direct or indirect roles in B. anthracis pathogenesis. Some of the highly regulated target genes on the plasmids are predicted to encode secreted proteins or proteins associated with the bacterial cell membrane. pXO1-13 is predicted to encode a membrane-associated protein, and sequences near the carboxy terminus contain a putative DNA-binding domain (3) . The amino terminus of the pXO1-90 protein has three highly conserved SLH (S-layer homology) motifs that could potentially serve to anchor the protein to the bacterial cell surface (25) , possibly   FIG. 4 . Toxin synthesis by the B. anthracis parent strain (UT500) and isogenic mutants. Cells were grown as described in the legend for Fig. 1 . Filtered culture supernates from the growth phases indicated were subjected to Western hybridization using antitoxin antiserum as indicated. PA, protective antigen; LF, lethal factor; EF, edema factor. UT500, parent; UT501, atxA; UT502, acpA; UT503, atxA acpA.
rendering the protein immunogenic. pXO1-91 is predicted to encode a membrane-associated phosphatase with a PAP-2 family signature (38) . Such enzymes are phosphoesterases that function at acidic pH and may be relevant if expressed when B. anthracis resides in the phagolysosome (10) . The pXO1-90 and pXO1-91 genes are adjacent and in the same orientation. Northern hybridization analysis confirmed that the genes are atxA regulated but revealed distinct transcripts, indicating that the genes are not cotranscribed (data not shown). The amiA gene (pXO2-42) was recently shown to be an enzyme that hydrolyzes peptidoglycan and may be a B. anthracis autolysin (26) . The AmiA protein also has an SLH motif at the amino terminus. Such surface-exposed proteins may be relevant for virulence.
Previous reports of sequence and functional similarity between atxA and acpA brought the physiological significance of acpA into question. The amino acid sequences of AtxA (56 kDa) and AcpA (55 kDa) are 25% identical and 47% similar. atxA was reported to positively control expression of the toxin and capsule genes (11, 43) , while acpA-mediated control was limited to capsule gene expression (43) . Thus, the existence of acpA indicated an apparent functional redundancy. Our data reveal two significant findings regarding the relationship between these regulators. First, atxA positively regulates acpA expression while acpA does not affect atxA expression. Second, the two regulators have a synergistic effect on expression of certain target genes.
Our transcriptional profiling results and microscopic studies also revealed a significant role for atxA in capsule gene expression. Prior to our investigation, published studies established that (i) acpA is essential for capsule gene expression in a pXO1 Ϫ pXO2 ϩ strain (44), (ii) an acpA-null mutant in a pXO1 Ϫ pXO2 ϩ strain can be complemented by atxA cloned in trans on a multicopy plasmid (43) , and (iii) pXO1 ϩ pXO2 ϩ strains produce more capsule than pXO1 Ϫ pXO2 ϩ strains (8, 9, 11, 43) . The overall conclusion of these reports was that, while atxA contributes to capsule gene expression, apcA is the major regulator of the cap operon. Nonetheless, the relative contributions of atxA and acpA to capsule gene expression in a fully virulent strain had not been determined, and there were no reports indicating the capsule phenotype of a pXO1 ϩ pXO2
ϩ strain harboring an acpA-null mutation. Our transcriptional profiling data and microscopic observations indicate a major role for atxA in capsule synthesis. Under our growth conditions, capsule production by the pXO1 ϩ pXO2 ϩ acpAnull mutant was slightly reduced compared to that of the parent strain, while the atxA-null mutant exhibited delayed and severely diminished capsule production relative to the parent.
The absence of any information regarding the mechanism by which these two regulators enhance gene expression limits our ability to propose a model for gene control. There are no reports of specific protein-DNA interactions for either protein, and similarities in promoter regions of regulated genes have not been found. If AtxA and AcpA directly control expression of some target genes by binding to promoter sequences, it is possible the two proteins are functionally similar but have different affinities for promoter DNA sequences. A simple system in which atxA controls acpA-regulated genes solely by exerting a positive effect on acpA expression is unlikely because, in our experiments and in results reported previously, atxA functions in the absence of acpA (7, 17, 42) .
Our data greatly expand the list of atxA-and acpA-regulated genes in B. anthracis. Considering that all previously known targets of atxA were positively regulated, it is somewhat surprising that atxA also negatively regulates a number of genes. AtxA may function as both a repressor and an activator, as has been reported for some transcriptional regulators (31) . Moreover, some or all of the target genes may be controlled by an unidentified downstream regulator. Certain atxA-regulated genes identified in our experiments are predicted to encode proteins with similarity to known regulators. For example, the atxA-regulated gene pXO2-53 is predicted to encode a protein with sequence similarity to AtxA and AcpA. Synthesis of this protein may add another layer of complexity to gene regulation in B. anthracis. Another candidate for a downstream regulator is pagR. This 300-nt gene was not represented on the microarray due to technical difficulties. Previous work in our lab has shown that pagA and pagR are cotranscribed (14) . pagR is responsible for autogenous control of the atxA-regulated pag operon and may have other targets as well.
Perhaps most intriguing is the discovery of atxA-regulated genes on the B. anthracis chromosome. Many of these genes are predicted to have roles in amino acid biosynthesis and transport of amino acids and small peptides into the bacterial cell. atxA control of genes encoding transporters may be of significance for interactions of B. anthracis with its environment, be it the mammalian host or the soil. Compared to the B. subtilis genome, B. anthracis harbors a large number of genes predicted to be important for amino acid and peptide utilization (33a). It has been hypothesized that these genes are useful for growth in protein-rich environments, such as decaying animal matter (33a) . Genes predicted to encode components of Opp-and App-like ABC transporters of B. subtilis and other gram-positive species (18) were negatively regulated by atxA. These include four ORFs at one locus that are predicted to encode all components of an App-like transporter and other ORFs at distinct loci that are predicted to encode homologues of individual App transporter proteins. Transporters of this type function as oligopeptide permease systems (29, 30) . There have been no reports concerning these systems in B. anthracis. However, an oligopeptide permease system has been implicated in virulence gene expression in B. thuringiensis. The B. thuringiensis oligopeptide permease Opp imports a small peptide that, following processing, interacts with the pleiotropic virulence gene regulator PlcR, allowing it to bind its target DNA (35) . Although B. anthracis does not produce a functional PlcR protein, it does carry an ORF predicted to encode a homologue of the B. thuringiensis peptide precursor.
It is noteworthy that the cross talk between pXO1 and the B. anthracis chromosome is bidirectional. In other work, Saile and Koehler have shown that the toxin genes of pXO1 are controlled by the chromosomal genes abrB and spo0A (34) . Like scoC, abrB and spo0A function in a complex network, well studied in B. subtilis, that is involved in environmental signaling and adaptive responses (37) . The transcriptional profiling data presented here do not indicate epistatic relationships between the plasmid-borne and chromosome-borne regulators.
B. anthracis is a member of the group 1 bacilli, which also includes the less harmful species B. cereus and B. thuringiensis (2) . Historically, the three species were grouped phylogenetically on the basis of their similar physiology. Recent studies employing multienzyme electrophoresis and amplified fragment length polymorphism analysis indicate significant genetic diversity within B. cereus and B. thuringiensis isolates, while B. anthracis is relatively monomorphic (12, 40) . The phylogeny of these species continues to be deliberated. Nevertheless, in terms of virulence, the plasmid content of the species has served for facile distinction of the species. Major virulence factors, such as certain insecticidal toxins of B. thuringiensis and the anthrax toxin proteins and capsule of B. anthracis, are plasmid encoded.
While more-detailed analysis of the genomes of the group 1 species will likely reveal numerous differences in gene content, increasing evidence suggests that the distinct phenotypes of the species with regard to pathogenesis may be due in some part to differential gene expression related to the presence or absence of functional regulatory proteins. The chromosomal regulator plcR of B. thuringiensis and B. cereus is a transcriptional activator that controls expression of a number of known and potential virulence genes, including those encoding lecithinase, proteases, and hemolysins (1). B. anthracis harbors homologues of many plcR-regulated genes, some of which are preceded by consensus sites for PlcR binding (27, 33a) . However, these genes do not appear to be highly expressed in B. anthracis, because B. anthracis lacks a functional PlcR protein (1) . In an analogous manner, B. cereus and B. thuringiensis do not appear to harbor atxA or acpA homologues. However, these species contain homologues of the atxA target genes on the chromosome. Although the roles of the newly identified atxAregulated genes described here are not known, we view the species-specific regulators as important players in the transcriptomes of the species.
Our results represent a snapshot of the B. anthracis transcriptome for one time point under one specific growth condition. Certainly the transcription profile of B. anthracis will vary during growth under other conditions, including infection. It is noteworthy that in a mouse model for anthrax, a pXO1 ϩ pXO2
Ϫ atxA-null mutant is avirulent and the antibody response to all three toxin proteins is decreased significantly (7) . These data indicate that atxA function is important in vivo. No studies of acpA function during infection have been reported. In light of results presented here, studies of gene expression in B. anthracis and other plasmid-containing species should be interpreted with caution when cured strains are employed. It will be of interest to test the pXO1 ϩ pXO2 ϩ parent and regulatory gene mutants in animal models to determine relative virulence and to compare toxin and capsule synthesis in vivo. The significant cross talk between the B. anthracis plasmids and chromosome is likely to be important for virulence and other aspects of B. anthracis physiology.
